Multiple exposures to solar ultraviolet (UV) radiation cause critical damages that may lead to the development of several cutaneous disorders including skin cancer, the most frequently diagnosed malignancy in the USA. Therefore, efforts are needed to: (i) study the mechanism(s) of UV-mediated cutaneous damages, and (ii) design novel approaches for the management of skin cancer. 'Chemoprevention' via plant-based agents may be a useful approach for the management of neoplasia. Here, we evaluated the involvement of cell cycle regulatory molecules during resveratrol-mediated protection from multiple exposures of UVB (180 mJ/cm 2 ; on alternate days Â 7 exposures) radiations in the SKH-1 hairless mouse skin. Resveratrol was topically applied on the skin of SKH-1 hairless mice at a dose of 10 lmol/mouse (in 0.2 ml acetone; 30 min prior to each UVB exposure). Studies were performed at 24 h following the last UVB exposure. Topical application of resveratrol resulted in significant decrease in UVB-induced bi-fold skin thickness, hyperplasia, and infiltration of leukocytes. The data from immunoblot and/or immunohistochemical analyses revealed that multiple exposure to UVB radiations causes significant upregulation in: (i) proliferating cell nuclear antigen (PCNA), a marker of cellular proliferation, and (ii) cyclin-dependent kinase (cdk)-2, -4 and -6, cyclin-D1, and cyclin-D2. Resveratrol treatment resulted in significant downregulation in UV-mediated increases in these critical cell cycle regulatory proteins. An interesting observation of this study was that resveratrol treatment resulted in a further stimulation of UVB-mediated increases in cyclin kinase inhibitor WAF1/p21 and tumor suppressor p53. Further, resveratrol was also found to cause significant decreases in UVB-mediated upregulation of: (i) the mitogen-activated protein kinase kinase, and (ii) the 42 kDa isotype of mitogen-activated protein kinase (MAPK). Thus, our data suggested that the antiproliferative effects of resveratrol might be mediated via modulation in the expression and function of cell cycle regulatory proteins cyclin-D1 and -D2, cdk-2, -4 and -6, and WAF1/p21. Our data further suggest that the modulation of cki-cyclin-cdk network by resveratrol may be associated with inhibition of the MAPK pathway. We suggest that resveratrol may be useful for the prevention of UVB-mediated cutaneous damages including skin cancer.
Introduction
The ultraviolet (UV) radiation from the sun, particularly its UVB component (290-320 nm), is the major cause of skin cancer that accounts for 1.3 million new cases each year in the USA alone (de Gruijl, 2002; Bowden, 2004) . UV radiation is also known to elicit a variety of other adverse effects such as erythema, sunburn cells, inflammation, hyperplasia, hyper-pigmentation, immunosuppression, premature skin aging, and photocarcinogenesis (Naylor, 1997; Kulms and Schwarz, 2002; Bowden, 2004) . UV radiation is regarded as a complete carcinogen, with tumor-initiating as well as tumor-promoting potential (Katiyar et al., 1997; Scharffetter-Kochanek et al., 1997) . Exposure to UV radiation is known to cause excessive generation of reactive oxygen species (ROS) that result in an oxidant-antioxidant imbalance in the skin, which is regarded to be an important contributor to a variety of cutaneous pathologies, including different types of cancers (Black et al., 1997; F'guyer et al., 2003; Sander et al., 2003) .
Chemoprevention by naturally occurring agents is gaining attention as a newer dimension in the management of neoplasia, including skin cancer (Bickers and Athar, 2000; Dreher and Maibach, 2001; Afaq et al., 2002; Einspahr et al., 2003; F'guyer et al., 2003) . We recently demonstrated that topical application of resveratrol (trans-3,4 0 ,5-trihydroxystilbene; Figure 1 ), a polyphenolic antioxidant found in grapes, red wines, and a variety of nuts and berries, imparts protection from UVB-mediated cutaneous damages in SKH-1 hairless mice (Afaq et al., 2003a) . The mechanism of the chemopreventative effects of resveratrol is not clearly understood. This study was designed to define the involvement of critical cell cycle regulatory events in resveratrol-mediated protection from UVB-caused cutaneous damages.
The cell cycle regulation, in eukaryotes, is primarily governed by a dynamic interaction between cyclin kinase inhibitors (cki), cyclins, and cyclin-dependent kinases (cdk) (Petrocelli et al., 1996; Kim et al., 2002) . Since studies have shown that UVB radiation may cause a dysregulation in the cki-cyclin-cdk network, we reasoned that resveratrol may impart its chemopreventative effects via modulating these critical cell cycle regulatory molecules and the associated events. Several recent studies have stressed the importance of cell cycle regulation in neoplastic transformation. Studies have suggested a role of cyclin D1 in murine skin tumor development (Robles et al., 1998; Yamamoto et al., 2002) . Kim et al. (2002) have shown that the magnitude of cyclin D1 overexpression might contribute to the neoplastic process by providing a growth advantage during the early stages of tumor promotion. Studies have shown that early responses in the skin of SKH-1 mice after an acute UVB exposure include increased number of cells expressing WAF1/p21 as well as p53 (Lu et al., 1999) . The damage in the p53 pathway has been implicated in the etiology of most human cancers, including nonmelanoma skin cancers. The tumor suppressor p53 plays a crucial role in the protection against DNA damage allowing cell cycle arrest, DNA repair or apoptosis by transcriptional activation of p53-related genes such as WAF1/p21 and Bax (Brugarolas et al., 1995; Tyrrell, 1996; Hatoko et al., 2001; Murphy et al., 2002; Wang et al., 2003) . Similarly, studies have shown that the mitogen-activated protein kinases (MAPK) pathway, which is associated with the regulation of cell cycle, plays a critical role in UV response and skin biology Eckert et al., 2002) . However, no definitive information is available regarding the association of MAPK with the cki-cyclin-cdk network during UV response. In other experimental systems, however, an association between these two critical pathways has been suggested (Abrieu et al., 1997; Petrocelli and Slingerland, 2000) .
Here, we demonstrated that the polyphenolic antioxidant resveratrol imparts chemopreventative effects against multiple UV exposure-mediated modulations in the (i) cki-cyclin-cdk network, and (ii) MAPK pathway.
Results

Resveratrol treatment inhibits multiple UVB-exposure-mediated cutaneous edema
We studied the effect of multiple UVB exposures on cutaneous edema in SKH-1 hairless mouse skin and the modulatory effect of resveratrol. For this purpose, bi-fold skin thickness and ear punch weight were evaluated at 24 h after seven UVB exposures. As shown in Figure 2 , topical applications of resveratrol alone on mouse skin had no effect on either bi-fold skin thickness or ear punch weight. However, multiple UVB exposures (180 mJ/cm 2 ) to mouse skin resulted in a significant increase in bi-fold skin thickness ( Figure 2a ) and ear punch weight ( Figure 2b) . As shown by the data (Figure 2a and b) , pretreatment of skin with resveratrol was found to significantly reverse the UVBmediated increases in bi-fold skin thickness and ear punch weight. Effect of resveratrol on multiple UVB exposuremediated edema of skin in SKH-1 hairless mice. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and 24 h following the last UVB irradiation the animals were euthanized and edema was measured. The dorsal skin edema was measured by examination of the bi-fold skin thickness of the dorsal exposed skin (a); and ear skin edema was determined by weighing the ear punch (4 mm each) biopsy specimens (b). At least four determinations were made per mouse in each group. The data represent the mean7s.e.m. of 20 mice (*Po0.01)
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Resveratrol treatment inhibits multiple UVB-exposure-mediated hyperplasia and infiltration of leukocytes Our next step was to access the effect of pretreatment of resveratrol on UVB-mediated induction of epidermal hyperplasia and infiltration of leukocytes. As shown in Figure 3 , multiple exposures of UVB radiation to the mouse skin resulted in a significant increase in epidermal thickness as compared to control animals. However, topical application of resveratrol prior to each UVB exposure resulted in significant inhibition of UVB exposure-mediated hyperplastic response (Figure 3 ). Topical application of resveratrol alone, however, did not have any effect in skin histology. As, during many acute inflammatory reactions in skin, the infiltration of leukocytes is an important event, we evaluated the effect of resveratrol on UVB-mediated leukocyte infiltration (Gillitzer and Goebeler, 2001) . UVB irradiation of mouse skin resulted in an induction of infiltration of leukocytes in the epidermis as well as in the dermis at 24 h following the last UVB exposure, compared to control and resveratrol-treated groups (Figure 3 ). However, pretreatment of the skin with resveratrol resulted in a marked reduction in the number of infiltrating leukocytes, compared with the UVB-alone exposed group (Figure 3 ).
Resveratrol treatment inhibits multiple UVB-exposure-mediated cellular proliferation in SKH-1 hairless mouse skin Proliferating cell nuclear antigen (PCNA) is an excellent marker of cellular proliferation and studies have shown that UVB exposure significantly increases the levels of this protein in the skin (Ahmed et al., 1999) . As shown by Western blot analysis ( Figure 4a) followed by a densitometric analysis of the bands (Figure 4b ), multiple UVB exposures to SKH-1 hairless mouse skin resulted in a threefold induction of epidermal PCNA protein. However, topical application of resveratrol on mouse skin significantly inhibited the UVB-mediated increase in PCNA protein levels ( Figure  4a and b).
Resveratrol treatment inhibits multiple UVB-exposure-mediated increases in cdks and cyclins in SKH-1 hairless mouse skin Next, we studied the involvement of cdks and cyclins, which are critical molecules for the progression of cell cycle, in chemopreventative effects of resveratrol against Figure 3 Effect of resveratrol on multiple UVB exposure-mediated hyperplasia and infiltrations of leukocytes in SKH-1 hairless mouse skin. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and 24 h following the last UVB irradiation the animals were euthanized and skin biopsies were processed for hematoxylin and eosin staining and examination under microscope. Hyperplasia is indicated with a blue bracket. The infiltrating leukocytes could be seen as small blue-stained cells moving into dermis (in the UVB alone group). The representative pictures from at least four biopsies from each mouse are shown Figure 4 Effect of resveratrol on multiple UVB exposuremediated increase in PCNA protein. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and 24 h following the last UVB irradiation the animals were euthanized, skin was removed and epidermal lysate was prepared. The effects of treatments on PCNA protein expression were assessed using immunoblot analysis (a), followed by quantification with a densitometry analysis of protein bands (b). Equal loading was confirmed by stripping the immunoblot and reprobing it for b-actin. The bands shown here are from a representative experiment repeated three times with similar results. The quantification of protein was performed by densitometry analysis using UN-SCAN-IT software (Silk Scientific Inc., Orem, UT, USA), and the data (relative density normalized to b-actin) are expressed as the mean7s.e. of three experiments (*Po0.01) UVB exposure-mediated damages in SKH-1 hairless mouse skin. Western blot analysis followed by the densitometric analysis of the bands demonstrated that multiple UVB exposures resulted in significant increases in cdk-2 (Bthreefold), -4 (Bthreefold), -6 (Bfourfold), cyclin D1 (Btwofold), and cyclin D2 (Btwofold) protein levels in epidermis (Figure 5a and b). Resveratrol pretreatment significantly inhibited (almost to the levels in controls) UVB exposuremediated increases in cdk-2, -6, and cyclin D2. However, resveratrol treatment resulted in only in moderate inhibition of UVB exposure-mediated increases in cdk-4 and cyclin D1 (Figure 5a and b). The immunohistochemical analyses further confirmed our Western blot data showing a moderate protective effect of resveratrol on UVB-mediated increases in cyclin D1 ( Figure 6 ).
Resveratrol treatment results in an enhancement of UVB-exposure-mediated increases in WAF1/p21 and p53 proteins in SKH-1 hairless mouse skin The cki's are important in regulating cdk-cyclin complexes. Therefore, we evaluated the effect of resveratrol on UVB-mediated modulations in the expression of WAF1/p21 and KIP1/p27. The Western Blot as well as immunohistochemical analysis data demonstrated that multiple UVB exposures caused a significant increase (B2.5-fold, compared to the untreated control) in the cki WAF1/p21, and the resveratrol treatment prior to UVB exposures resulted in a further enhancement (Bfivefold, compared to the untreated control) in UVB-exposure-mediated increase in this protein in SKH-1 mouse epidermis (Figure 7a-d) . The effect of UVB exposures on KIP1/p27 was similar Figure 5 Effect of resveratrol on multiple UVB-exposure-mediated modulations in cell cycle regulatory proteins. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and at 24 h following the last exposure the animals were euthanized, skin was removed and epidermal lysate was prepared. The effects of treatments on cell cycle regulatory proteins were assessed by immunoblot analysis using appropriate antibodies (a), followed by quantification with a densitometry analysis of protein bands (b). Equal loading was confirmed by stripping the immunoblot and reprobing it for b-actin. The bands shown here are from a representative experiment repeated three times with similar results. The quantification of protein was performed by densitometry analysis using UN-SCAN-IT software (Silk Scientific Inc., Orem, UT, USA), and the data (relative density normalized to b-actin) are expressed as the mean7s.e. of three experiments (*Po0.01) Figure 6 Effect of resveratrol on multiple UVB-exposure-mediated modulations in cyclin D1 protein. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and at 24 h following the last exposure the animals were euthanized, skin biopsies were taken and frozen. Skin sections, 6 mm thick, were cut and immunohistochemical analysis was performed using appropriate antibodies. The images from immunostaining experiments were obtained using a Zeiss Axioplot microscope. The representative pictures are from 3-4 biopsies Resveratrol protects from UVB damages S Reagan-Shaw et al to that of WAF1/p21 as a twofold increase in the level of KIP1/p27 was observed by UVB exposure. However, in this case, resveratrol had no effect on the UVB-mediated increase in KIP1/p27 protein level (Figure 7a-d) .
As studies have shown that the regulation of WAF1/ p21 may be dependent on the tumor suppressor p53, we assessed the effects of UVB and/or resveratrol treatments on this critical regulator of cell cycle progression. The Western blot analysis (Figure 8a ), followed by a densitometric analysis of the bands (Figure 8b ), revealed that multiple UVB exposures resulted in a significant increase (Btwofold, compared to the untreated control) in p53 protein levels. Interestingly, in a fashion similar to the response on WAF1/p21, resveratrol treatment Figure 7 Effect of resveratrol on multiple UVB-exposure-mediated modulations in WAF1/p21 and KIP1/p27 proteins in SKH-1 hairless mouse skin. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and at 24 h following the last exposure the animals were euthanized, skin lysate was prepared and skin biopsies were taken and frozen. The effects of treatments on WAF1/p21 and KIP1/p27 were assessed by immunoblot analysis using the appropriate antibodies (a), followed by quantification with a densitometry analysis of protein bands (b). Equal loading was confirmed by stripping the immunoblot and reprobing it for b-actin. The bands shown here are from a representative experiment repeated three times with similar results. The quantification of protein was performed by densitometry analysis using UN-SCAN-IT software (Silk Scientific Inc., Orem, UT, USA), and the data (relative density normalized to b-actin) are expressed as the mean7s.e. of three experiments (*Po0.01). In addition, 6 mm-thick skin sections were cut and immunohistochemical analysis was performed for WAF1/p21 (c), and KIP1/p27 (d), using the appropriate antibodies. The images from immunostaining experiments were obtained using a Zeiss Axioplot microscope. The representative pictures are from 3-4 biopsies Resveratrol protects from UVB damages S Reagan-Shaw et al prior to UVB exposures resulted in a further enhancement (Bfourfold, compared to the untreated control) in p53 (Figure 8a and b) .
Resveratrol treatment inhibits multiple UVB-exposure-mediated activation of MAPK pathway in SKH-1 hairless mouse skin
The MAPK pathway has been shown to be activated by UVB exposure Afaq et al., 2003b) and plays an important role in the cellular proliferation. In the present study, as evident from Western blot analysis, we found that repeated UVB exposures resulted in increased levels in the 42 kDa unphosphorylated isotype of MAPK 1/2 along with mitogenactivated protein kinase kinase (MEK)-1 (Figure 9a-d) . Topical application of resveratrol prior to UVB exposures significantly reversed the UVB-mediated responses in these proteins (Figure 9a-d) .
Discussion
Solar UV radiations, which cause a significant generation of ROS, thereby resulting in a state of oxidative stress in the cell, have been implicated in a variety of cutaneous pathological conditions, including skin cancers. Therefore, in recent years, much attention has been focused on the use of plant-based antioxidants for the protection of UV-exposure-mediated damages in the skin; including chemopreventative effects against skin Figure 9 Effect of resveratrol on multiple UVB-exposure-mediated activation of phosphorylated MAPK and MEK proteins. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and 24 h following the last UVB irradiation the animals were euthanized, skin was removed and epidermal lysate was prepared. The effect of treatments on phosphorylated-MAPK (1/2) and MEK1 protein expression was assessed by immunoblot analysis using the appropriate antibodies (a), followed by quantification with a densitometry analysis of protein bands (b). Equal loading was confirmed by stripping the immunoblot and reprobing it for b-actin. The data shown here are from one representative experiment repeated three times with similar results. The quantification of protein was performed by densitometry analysis using UN-SCAN-IT software (Silk Scientific Inc., Orem, UT, USA), and the data (relative density normalized to b-actin) are expressed as the mean7s.e. of three experiments (*Po0.01) Figure 8 Effects of resveratrol on multiple UVB-exposuremediated modulations in p53 tumor-suppressor protein. The mice were subjected to UVB and/or resveratrol treatments as detailed under 'Materials and methods', and 24 h following the last UVB irradiation the animals were euthanized, skin was removed and epidermal lysate was prepared. The effect of treatments on p53 protein expression was assessed using immunoblot analysis (a), followed by quantification with a densitometry analysis of protein bands (b). Equal loading was confirmed by stripping the immunoblot and reprobing it for b-actin. The bands shown here are from a representative experiment repeated three times with similar results. The quantification of protein was performed by densitometry analysis using UN-SCAN-IT software (Silk Scientific Inc., Orem, UT, USA) and the data (relative density normalized to b-actin) are expressed as the mean7s.e. of three experiments (*Po0.01)
Resveratrol protects from UVB damages S Reagan-Shaw et al cancer. Considerable evidence has accumulated within the last few years, showing significant protective effects of plant-based antioxidants against the damages by UV exposure ). This study was designed to evaluate the chemopreventative effects of resveratrol against multiple UVB exposures and the associated mechanism(s). Multiple exposures of UV radiation cause an increased risk of the development of skin cancer and other cutaneous disorders, which are regarded as precursors to cancer, for example, actinic keratoses (Einspahr et al., 2003; F'eguer et al., 2003; Bowden, 2004) . In this study, we selected a model of multiple UVB exposure to the skin of SKH-1 hairless mouse, which is the most studied and relevant animal model for photodamage and photocarcinogenesis research. This animal model of multiple UVB exposures (180 mJ/cm 2 Â 7 exposures on alternate days), we believe, represents a human exposure to solar UV radiations on a week-long vacation or outside activities in the sunny time of the year. In our study, resveratrol was topically applied prior to each exposure of UVB.
We first assessed the protective effect of resveratrol on multiple UVB-exposures-mediated skin edema, a marker of and first sign of cutaneous damage. Our data clearly demonstrated that topically applied resveratrol significantly inhibited multiple UVB-exposure-mediated increases in: (i) bi-fold skin thickness, and (ii) ear punch weight (Figure 2 ). To further assess the damage to skin, we also performed a histological evaluation of the skin following UVB and/or resveratrol treatments. Our data demonstrated that resveratrol treatment to skin resulted in a significant decrease in: (i) hyperplastic response of the skin to UVB exposures, and (ii) UVB-mediated infiltration of leukocytes (Figure 3) . It is important to mention here that UV radiation-mediated leukocyte infiltration is believed to be responsible for an additional outburst of ROS in the system, thereby inflicting further cellular damages .
Our next aim was to evaluate the mechanism of the observed chemopreventative effects of resveratrol against multiple UVB-exposure-mediated damages in mouse skin. We tested the hypothesis that the protective effects of resveratrol are mediated via its ability to: (i) negatively regulate the cell cycle progression, and (ii) induce apoptosis. The rationale for this hypothesis is based on studies from this laboratory and by others showing that resveratrol may negatively regulate cell cycle progression and cause an induction of apoptosis in certain cancer cells. In an earlier study, we demonstrated that resveratrol treatment results in an induction of the cyclin kinase inhibitor WAF1/p21 which, via inhibiting cyclins (D1, D2, and E) and cdks (2, 4, and 6), results in a G0/G1-phase arrest followed by apoptosis of A431 human epidermoid carcinoma cells . We have also shown that resveratrol causes a downregulation of hyperphosphorylated pRb protein with a relative increase in hypophosphorylated pRb that, in turn, compromises the availability of free E2F, resulting in a stoppage of the cell cycle progression at the G1-S phase transition, thereby leading to a G0/G1 arrest and subsequent apoptotic cell death of A431 cells . In another study from this laboratory, which supports our current hypothesis, we demonstrated that resveratrol inhibited UVB-exposuremediated activation of NF-kB pathway in normal human keratinocytes (Adhami et al., 2003) .
In the present study, employing immunoblot and/or immunohistochemical analyses, we demonstrated that multiple UVB exposures to mouse skin resulted in an increased cellular proliferation (increase in PCNA) and an enhanced cell cycle progression via a positive regulation of cdk-2, -4, -6, and cyclin-D1 and -D2 (Figures 4-6) . We found that pretreatment with resveratrol resulted in a significant reversal in these events (Figures 4-6 ). The present data showed that the protective effect of resveratrol on cutaneous damages by multiple exposures of UVB may be mediated via an inhibition of the cell-cycle regulatory proteins cdk-2, -4, -6, and cyclin-D1 and -D2. Our study also demonstrated an increased expression of WAF1/p21 and KIP1/p27 in the skin by multiple UVB exposures (Figure 7) . However, the interesting observation of this study was that pretreatment of the skin with resveratrol resulted in a further enhancement of WAF1/p21 protein expression (without a significant effect on KIP1/p27) (Figure 7) . A similar response was observed for the tumor suppressor p53, which was found to be activated upon multiple UVB exposures, and this activation was further stimulated by resveratrol pretreatment (Figure 8 ). This is an important observation because only one study has described an in vivo example of the stimulatory effect of a chemopreventative agent on the level of a tumor suppressor protein p53 and on downstream effectors (WAF1/p21) (Lu et al., 2000) . Studies have shown that the activation of WAF1/p21 may be a p53-dependent or p53-independent process (Lu et al., 2000) . Since our studies have shown a similar response for both of these proteins, it appears likely that, in this case, the activation of WAF1/p21 is mediated via p53. However, the induction of WAF1/ p21 via an alternative pathway, such as via STAT3 activation, cannot be ruled out.
The next step of our study focused on determining if the inhibitory effect of resveratrol could be associated with a downregulation of the signal mediator MAPK family proteins and upstream MEK, which have been shown to mediate UV-induced signals in the processes of tumor development (Chen and Bowden, 1999; Chen et al., 2001; Yano et al., 2003) . The expression of MAPK/p42 and the upstream MEK1 in UVB-treated skin was elevated, whereas this elevation was inhibited by the pretreatment of skin with resveratrol ( Figure 9 ). Studies have suggested that signaling by the MAPK pathway can both enhance proliferation by increased expression of molecules such as cyclin D1, but also cause growth arrest by increased expression of molecules such as WAF1/p21 (Terada et al., 1999a, b) . (Terada et al., 1999a) demonstrated the regulation of cyclin D1 expression and cell cycle progression via MAPK cascade. These studies and some other studies conducted in other experimental systems suggest an association between these two critical pathways (Abrieu et al., 1997; Petrocelli and Slingerland, 2000) . However, no definitive information is available regarding the association of MAPK with cki-cyclin-cdk network during the UV response. Our study also suggests a possible link between these two critical pathways. Further studies are, however, needed to unravel this association.
Although in the present study we have not looked for apoptosis in the treated epidermis after UVB alone or the combination of resveratrol pretreatment and UVB irradiation, it is possible that apoptosis plays an important role in the observed antiproliferative effects in skin. One possibility is that resveratrol may eliminate the damaged skin cells (which escape apoptosis) via a forced induction of apoptosis. Further studies are needed to establish this possibility.
Thus, taken together, the data presented here suggested that the antiproliferative effects of resveratrol might be mediated via modulation in the expression and function of cell cycle regulatory proteins cyclin-D1 and -D2, cdk-2, -4 and -6, and p21/WAF1. Our data further suggest that the modulation of cki-cyclin-cdk network by resveratrol may be associated with inhibition of the MAPK pathway. We suggest that resveratrol may be useful for the prevention of UVB-mediated cutaneous damages including skin cancer. More detailed studies should be conducted to assess the effectiveness of resveratrol in prevention of UV-exposure-mediated skin tumorigenesis.
Materials and methods
Materials
Resveratrol (499% pure) was purchased from Alexis Biochemicals (San Diego, CA, USA). Female SKH-1 hairless mice (6 weeks old), obtained from the Charles River Laboratories (Wilmington, MA, USA), were used in this study. Cyclin-D1 and -D2, cdk-2, -4 and -6, WAF1/p21, and KIP1/p27 antibodies were obtained from NeoMarkers Inc. (CA, USA). MEK-1antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). PCNA and p53 antibodies were procured from BioSource International Inc. (CA, USA). MAPK1/2 antibody was obtained from Upstate Biotechnology (NY, USA). Anti-mouse or anti-rabbit secondary antibody horse-radish peroxidase conjugate was obtained from Amersham Life Science Inc. (Arlington Height, IL, USA). The DC BioRad Protein assay kit was purchased from BioRad Laboratories (Herculus, CA, USA).
UVB exposure
The animals, following their arrival in the animal facility, were allowed to acclimatize for 2 weeks before the start of the experiments. The animals were fed Purina Chow diet and water ad libitum. Throughout the experimental protocols, the mice were maintained at standard conditions: temperature 24 þ 21C, relative humidity 50% þ 10%, and 12 h room light/ 12 h dark cycle. For UVB irradiation, the mice were housed in specially designed cages where they were held in divider separated by Plexiglas. The UVB light source used was a bank of four Westinghouse FS-40-T-12 fluorescent sunlamps equipped with UVB Spectra 305 Dosimeter (Daavlin Company, Bryan, OH, USA), 103 filter and 1008 diffuser attached to an IL 700 Research Radiometer (International Light, Newburyport, MA, USA). This light source emitted more than 80% radiation in the range of 280-340 nm, with peak emission at 314 nm as monitored with an SEE-240 photo detector.
Treatments
Female SKH-1 hairless mice were divided into four groups of 20 animals each. The mice in the first group received a topical application of 200 ml acetone and served as control. The mice in the second group received a topical treatment of resveratrol (10 mmol/0.2 ml acetone/mouse) on their dorsal skin. The mice in the third group received a topical application of 0.2 ml acetone alone followed by UVB (180 mJ/cm 2 ; 30 min following vehicle treatment). The animals in the fourth group received the topical application of resveratrol (10 mmol/0.2 ml acetone/ mouse) followed by UVB (180 mJ/cm 2 ; 30 min following resveratrol treatment). Seven treatments of UVB and/or resveratrol (or vehicle) were given to the mice every alternate day. Studies were performed at 24 h after the last UVB exposure.
Skin edema and hyperplasia
To assess the UVB-mediated skin edema and the protective effects of resveratrol, increase in bi-fold skin thickness and ear-punch weight were measured. The mice were treated with UVB (180 mJ/cm 2 ) and/or resveratrol every alternate day for seven exposures. After the seventh exposure, bi-fold skin thickness and ear punch weight were measured. For increase in bi-fold skin thickness, at least four determinations were made at different dorsal skin sites per mouse in each group. For ear punch weight studies, an identical protocol was employed, except that resveratrol was applied topically on each side of the ear. A 4 mm diameter punch of ear skin through the entire ear (four from each ear of the same mouse) was taken and quickly weighed. For determining hyperplasia, the skin was removed, fixed in 10% formalin, and embedded in paraffin. Vertical sections (5 mm) were cut, mounted on a glass slide, and stained with hematoxylin and eosin.
Preparation of epidermal skin lysate
Epidermis from the whole skin was separated as described earlier (Katiyar et al., 1999) and was homogenized in ice-cold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 20 mM NaF, 100 mM Na 3 VO 4 , 0.5% NP-40, 1% Triton X-100, 1 mM PMSF (pH 7.4)) with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set III; Calbiochem, La Jolla, CA, USA). The homogenate was then centrifuged at 14 000 g for 25 min at 41C and the supernatant (total cell lysate) was collected and aliquots were stored at À801C. The protein content in the lysates was measured by DC BioRad assay (BioRad Laboratories, Hercules, CA, USA) as per the manufacturer's protocol.
Immunoblot analysis
Following treatments, the epidermis was separated from the dermis and cell lysate was prepared as described previously (Katiyar et al., 1999) . The cell lysates (25 mg protein) were resolved over a 10-12% Tris-glysine SDS-PAGE gel and then transferred onto a nitrocellulose membrane. The blot containing the transferred protein was blocked in blocking buffer (5% nonfat dry milk, 1% Tween 20; in 20 mM TBS, pH 7.6) for 1 h at room temperature, followed by incubation with the appropriate monoclonal primary antibody in blocking buffer for 1 h to overnight at 41C. This was followed by incubation with anti-mouse or anti-rabbit secondary antibody horseradish peroxidase (Amersham Life Sciences, Inc.) for 1 h, and then washing several times and detection by chemiluminescence and autoradiography using BioMax film obtained from Kodak Co. (Rochester, NY, USA). Densitometry measurements of the band in Western blot analysis were performed using digitalized scientific software program UN-SCAN-IT (Silk Scientific Corporation, Orem, UT, USA).
Immunohistochemical analysis
At 24 h after the last UVB irradiation, the animals were killed. The skin punch biopsies were frozen in optimal cutting temperature compound under liquid nitrogen immediately after removal. The skin biopsies were stored at -801C for further use. Briefly, 6 mm-thick frozen skin sections were fixed in cold acetone for 10 min and nonspecific antibody binding was blocked using goat serum (10% phosphate-buffered saline, PBS). Thereafter, sections were incubated with the appropriate primary and secondary antibodies. Slides were developed with 3,3 0 -diaminobenzidine (DAB) as a substrate for 3-5 min. The sections were then rinsed with distilled water and counterstained with methyl green (2% for 60 min), cleared and mounted. The DAB-peroxidase reaction gave a brown reaction product and the methyl green, a blue nuclear counterstain.
Microscopy and photography
Images from immunostaining experiments were obtained using a Zeiss Axioplot microscope (Thornwood, NY, USA) and Kodak Ektachrome 160T film (Rochester, NJ, USA). These images were scanned (SprintScan; Polaroid, Cambridge, MA, USA) and formatted as Tag Image File Format (TIFF) images in Adobe Photoshop 6.0 software to make the composite figures.
Statistical analysis
The results are expressed as the mean plus or minus standard deviation. Statistical analysis of all the data between groups receiving no treatment vs UVB exposure alone along with those receiving UVB exposure vs resveratrol treatment plus UVB exposure was performed by Student's t-test. P-value o0.01 was considered statistically significant.
